One ambitious objective of Integrated Computational Materials Engineering (ICME) is to shorten the materials development cycle by using computational materials simulation techniques at different length scales. In this regard, the most important aspects are the prediction of the microstructural evolution during material processing and the understanding of the contributions of microstructural features to the mechanical response of the materials. One possible solution to such a challenge is to apply the Phase Field (PF) method because it can predict the microstructural evolution under the influence of different internal or external stimuli, including d eformation. To accomplish this, it is necessary to take into account plasticity or, specifically, non-homogeneous plastic deformation, which is particularly important for investigating the size effects in materials emerging at the micron length scale. In this work, we present quasi-2D simulations of plastic deformation in a face centred cubic system using a finite strain formulation. Our model consists of dislocation-based strain gradient crystal plasticity implemented into a PF code. We apply this model to study the influence of grain size on the mechanical behavior of polycrystals, which includes dislocation storage and annihilation. Furthermore, the initial state of the material before deformation is also considered. The results show that a dislocation-based strain gradient crystal plasticity model can capture the Hall-Petch effect in many aspects. The model reproduced the correct functional dependence of the flow stress of the polycrystal on grain size without assigning any special properties to the grain boundaries. However, the predicted Hall-Petch coefficients are significantly smaller than those found typically in experiments. In any case, we found a good qualitative agreement between our findings and experimental results.
The MPF model followed in our work is the one developed by [38] . It can describe the microstructural evolution under the influence of different internal or external stimuli because of its strong interface tracking capability. It allows us not only to study a system with multiple components/phase fields including thermodynamic phases, chemical elements, number of grains, crystal orientations, and morphology, but also to address multi-physical phenomena simultaneously. A basic constraint, however, is that the summation of the magnitudes of all the individual phase fields f α and f β should be equal to 1 in the respective bulks of the phases whereas the sum of the magnitudes of all the phase fields should be equal to the unity inside the interfacial region. Hence the value of each phase field φ α varies as 0 φ α 1 while traversing from the bulk of one phase field to the other phase field and given as N ∑ α=1 φ α (x) = 1.
(1)
The evolution of the phase fields/microstructure is driven by the minimization of the total energy of the system. Therefore, an energy function is defined that can take into account all the energy densities of interest. It usually includes, but is not limited to, the energy contributions of the chemical, interfacial, and elastic aspects that lead to the evolution of a system. A general equation to describe the total energy content of a system is as follows
Here, F is defined as the energy functional to describe the state of the system, f int is the interfacial 98 energy density, and f el is the elastic energy density. These quantities are integrated via the size of the 99 domain Ω.
evolution. The elastic energy density is assumed to be a function of the elastic stiffness C α , total strain α , eigen strain * α , and plastic strain (p) α produced in each phase field φ α as given below
Elasticity

101
To describe finite strain, a generalized stress-strain relation is used:
In this equation C α is the 4 th order elastic stiffness tensor, σ α is the 2 nd Piola-Kirchhoff stress and el α is the Lagrangian strain. Now, as the stiffness tensor and the elastic strains are known for each phase field, the evaluation of the driving force is simple. The continuum mechanical homogenization sets several rules and evaluates effective values of mechanical properties with the help of phase fraction and the parameters related to the phase. The resulting total strain should be weighted as the average of strains associated with a phase field as
Plasticity
103
Plastic deformation is described in terms of plastic shear rateγ s on a slip system s. It is calculated 104 by using a dislocation-based strain-gradient CP model, which is taken from [39] . In such models, the 105 plastic flow rule for a slip system is defined by Orowan's Law. The shear strain rate of the slip system 106 s is associated with the velocity ν s and the total dislocation density ρ total , which is assumed to be the 107 mobile dislocations on the same slip system and given as follows 108γ s = ρ s total bν s ,
where b defines the magnitude of the Burgers vector. The dislocation slip velocity ν s on the same slip system s is defined as
Here, m describes the strain rate sensitivity of the material, and ν 0 is the reference velocity of the dislocations, τ s is the resolved shear stress along the slip system s, and τ s c is its critical value to start the dislocation slip, known as critical resolved shear stress (CRSS). It is defined through Taylor's hardening law as
where τ 0 is the lattice friction stress/static yield stress, c 1 is a geometrical factor, and G is the shear modulus. ρ s total is a measure of the total dislocation content of the slip system s, in our study it consists of SSD and GND, as follows
The magnitude of this total dislocation density in equation 9 at the initial state is ρ total(i) and it is assumed as equivalent to the initial magnitude of ρ s SSD . The evolution of SSD is based on the Kocks-Mecking law as given beloẇ
where k 1 is a measure of storage of SSD k 2 is the measure of annihilation of SSD. Plastic strain is summation of the product of shear strainγ and the symmetric part of the Schmidt tensor P s for every s slip system. Schmidt tensor is described through the direction vector of dislocation slip d s and the vector of the slip plane normal n s . Thus, evolution of plastic strain is given bẏ
The resulting plastic strain is then used in equation (4) to determine the contribution of the 109 system's elastic energy and to predict the concurrent microstructural evolution. The gradient of the 110 evolution of this plastic strain defines the evolution of the Nye's dislocation tensor described by
where −e jkl is the third order permutation tensor,˙
il,k defines the partial derivative of the plastic 112 strain rate with respect to the coordinate k, such that e jkl˙
(p)
il,k is the rotation of the plastic strain rate, 113 and ⊗ represents the diadic product between the Cartesian e i and e j unit vectors, which define the 114 components of the resulting tensor. The evolution of GND can now be described as follows
Here, d and l refer to the slip direction vector and to the tangent vector used to evaluate the edge strain is applied at room temperature as loading condition with a constant strain rate of 0.1 s −1 to 144 produce a total deformation of 5%. Grain growth is restricted by assuming very low interfacial mobility. of the stress-strain curves at 0.2% of the total strain as shown in Fig.1(b) . corresponding to the green colored arrow pointing to the yield point in Fig.1(b) , is shown in Fig. 2(a) 153 and Fig. 2(b) . Because this stage of deformation appears at the onset of plasticity, a certain degree of 154 shear band is observable, and the stress concentration along grain boundaries is not pronounced. The homogenization scheme to investigate the evolution of these quantities with respect to the plastic 161 deformation. After that, we also analyzed the global flow stress σ vM , ρ GND , ρ SSD and ρ total from all 162 RVEs at the onset of plasticity and at the total strain of 5.0%. Finally, the sensitivity of the selected 163 material parameters is studied and reported. to RVEs with a smaller grain diameter, the distribution of ρ GND in the RVE in Fig. 3(d The total dislocation density distribution in the deformed RVEs at a stage of 5% total strain is 180 shown in Fig. 5 . Because ρ GND is much smaller than ρ SSD , the pattern of the distribution of ρ total for 181 the RVE with a large grain diameter of 16 µm in Fig. 5(a) is similar to the ρ SSD distribution in the 182 same RVE, as shown in Fig. 4(a) . By decreasing the grain diameter, the pattern of the total dislocation 183 density distribution exhibits an equivalent combination of ρ SSD and ρ GND distributions, where both 184 shear bands and localized dislocation density can be observed at grain boundaries.
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To investigate the contribution of grain size on the evolution of dislocation densities and on the 186 hardening behavior of the material, global dislocation densities ρ GND , ρ SSD , ρ total and flow stress σ vM 187 have been plotted versus the total strain in Fig. 6 . From these curves, all dislocation densities start to 188 increase sharply after a total strain of approximately 0.3%. The governing mechanism of strengthening does not only depend on the stored dislocations but 218 also on their annihilation. Therefore, the next section of this work aims at investigating the influence 219 of material parameters that control the initial state and influence of evolution of dislocation densities 220 on the deformation mechanism. Since ρ total(i) is assumed to be equivalent to ρ SSD , an increase in ρ total(i) results in an increasing 229 ρ SSD , but it does not lead to any significant change in ρ GND . Furthermore, a larger value of ρ total(i) 230 suppresses minimally the influence of grain size on the evolution of ρ SSD . This results into an increase 231 of yield stress for all RVEs, but the effect of the grain size on the hardening behavior diminishes as 232 shown in Fig. 8(d) . This can be correlated to the experimental results from [10] , that the grain size 233 effect resulting from plastic deformation of unannealed (higher initial dislocation density) materials is 234 weaker as compared to that resulting from plastic deformation of annealed specimens (lower initial Thirdly, the effect of SSD annihilation parameter k 2 on the evolution of global dislocation densities 243 and flow stress is evaluated as plotted in Fig. 10 . We have increased the magnitude of k 2 to 30 and 50.
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With a lower value of k 2 , lesser SSD annihilate so the rate of storage of ρ SSD is higher. The opposite 245 of this happens with a larger k 2 , which also promotes the influence of the grain size on ρ GND by 246 increasing the rate of storage of ρ GND as observable in Fig. 10(a) . This effect is, however, of minor 247 importance and it also results into an increase of ρ total , but at a lower rate with increasing the total 248 strain. As a consequence, a weaker strain hardening behavior is observed but because of the higher 249 storage of the ρ GND , the influence of the grain size is enhanced. Finally, the evolution of the global dislocation densities is investigated with respect to a change in 251 the grain size at two particular strain levels with two different SSD annihilation parameters. From 252 the global dislocation densities at 0.5% of the total strain i.e., at the onset of plasticity as shown in 253 Fig. 11(a) , ρ GND becomes larger and surpasses ρ SSD , The ρ SSD does not increase significantly with a 254 decreasing grain size at this strain. This means that the contribution of GND to the onset of plasticity 
